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Abstract Glasses along the composition line 0.5Al2O3–
xSiO2 (1 B x B 6) were prepared via a novel sol–gel route
using tetraethylorthosilicate and aluminum lactate as pre-
cursors. The structural evolution from solution to gel to
glass is monitored by standard 27Al and 29Si nuclear
magnetic resonance (NMR) spectroscopies, revealing
important insights about molecular level mechanisms
occurring at the various stages of glass formation. Under
the experimental conditions reported, silica and alumina
precursors undergo homoatomic condensation processes
when the gel is heat treated at about 100 and 300 C,
respectively, and only little heteroatomic co-condensation
occurs in this temperature range. The latter is promoted
only upon elimination of the residual lactate and water
ligands upon annealing the gels above 300 C. Following
calcination at 650 C, mesoporous glasses are obtained,
having average pore diameter of about 3 nm and a surface
areas near 500 m2/g. Si–O–Al connectivities are detected
by 29Si magic angle spinning (MAS)-NMR. 27Al MAS-
NMR spectra reveal aluminum in four-, five- and six-
coordination. The spectra differ significantly from those of
other sol–gel derived Al2O3–SiO2 materials prepared from
different precursor routes, suggesting that the lactate route
results in a higher degree of compositional homogeneity.
Keywords Silica–alumina  Aluminum lactate  Solid
state NMR  Mesoporous glasses
1 Introduction
Because of its outstanding optical and mechanical proper-
ties and its excellent chemical stability SiO2 glass remains
the most important material for optical communications
[1–3]. Its utility for solid state lasers and optical amplifiers,
however, has been limited by the tendency of rare earth ion
emitters to form clusters in glassy silica, which results in
luminescence quenching and phase separation effects [4–
6]. While the addition of alumina to such glasses can
partially inhibit phase separation and concentration
quenching [4, 5, 7, 8], a uniform dispersion of higher rare
earth ion concentrations is still difficult to obtain in Al2O3–
SiO2 glasses prepared by melt-quenching techniques. In
addition, very high melting temperatures (*2,000 C) are
required. Sol–gel synthesis has become an attractive
alternative for the preparation of multiple-component oxide
glasses. It offers much lower processing temperatures and
the preparation of very pure and homogeneous material
with great compositional flexibility. Using this process, it is
also possible to synthesize homogeneous glasses contain-
ing much higher rare earth ion concentrations (up to 10 %)
than accessible by traditional melt-cooling routes [8].
Furthermore, the sol–gel technique offers the preparation
of materials with high surface areas and defined pore
diameter distributions making these materials interesting
for applications in catalysis [9–13]. Incorporation of alu-
mina into the mesoporous SiO2 framework imparts Lewis
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and/or Bronstedt acidity on them [11, 14] and numerous
organic reactions such as the Claisen rearrangement are
catalyzed by micro- and meso-porous silica–aluminas [15].
The local structural environment of the aluminum species
has an important effect on the catalytic properties and
performance of these materials.
The synthesis of vitreous and crystalline aluminum sili-
cates via the sol–gel process has received extensive attention
over the years [16–25]. An important recurring issue in these
preparations is the homogeneity and transparency of the
glasses obtained, avoiding phase separation and crystalliza-
tion processes. One difficulty with preparing composition-
ally homogeneous solids has been the large difference in the
hydrolysis rates of the common silica and alumina precur-
sors, requiring special preparation strategies [20, 21]. For
example You and Nogami reported Eu-doped Al2O3–SiO2
glass with Si:Al:Eu molar ratios of 80:20:2 using Si(OC2-
H5)4 [tetraethylorthosilicate (TEOS)], Al(OC4H9
sec)3, EuCl3.
6H2O, ethanol, and de-ionized water as the starting materials
[25]. In the synthesis, they first pre-hydrolyzed TEOS and
then added Al(OC4H9
sec)3 into the solution. The final glass
was obtained after heat treatment at 900 C in air for 4 h. No
porous properties were reported. Recently we have found
that aluminum lactate is a very convenient alumina precur-
sor for the preparation of highly homogeneous alumina-
containing glasses in numerous non-siliceous systems [26].
The particular success of these routes is based on the che-
lation properties of the lactate ligands, allowing for sensitive
control of homogeneity and transparency of the gels via the
pH value of the solution. Successful extension of this route
to mesoporous sodium aluminosilicate glasses was also
recently reported [27], allowing for the incorporation of
thermally sensitive emitters such as cationic organic chro-
mophores and luminescent metal complexes via ion
exchange [28]. In the present contribution, we report a new
lactate-based sol–gel route towards transparent glasses in the
binary SiO2–Al2O3 system. The method is found to be
applicable over a wide composition range and the materials
obtained exhibit an attractive mesoporous structure. Using
solid state nuclear magnetic resonance (NMR) techniques,
the conversions occurring from the sol to the gel to the glassy
states have been monitored in detail, giving insights into the
structural evolution associated with these transformations.
2 Experimental
2.1 Sample preparation and characterization
Samples along the composition line 0.5Al2O3–xSiO2
(x = 1, 2, 3, 4, 5, 6) were synthesized using the following
procedure. The starting reagents are aluminum lactate
(98 % Fluka), TEOS (99 % ABCR), and NH3 (2 M). The
synthesis was carried out by dissolving 1.34 ml TEOS in
5 ml isopropanol, followed by addition of the desired
quantity of aluminum lactate dissolved in 25 ml distilled
water. The pH value of the mixture was adjusted to 3.8–4.3
with ammonia solution and controlled within 0.01 units by
a pH meter (WTW pH 320, Germany). After stirring
overnight, the resulting clear solution was spread onto a flat
surface and then gelled at 50 C for 7 days, leading to the
formation of transparent bulk xerogel. The xerogel was
heated at 100 C for 2 days, 200 C for 1 day and finally
converted into transparent glass by sintering at 650–700 C
for several hours. Images of the glasses are shown in
Fig. 1. Obvious microcracks can be observed in the glass
samples with composition x = 1 and 2.
The amorphous state was proven by X-ray powder dif-
fraction (XRD) using filtered (Ni) Cu Ka radiation in
Bragg–Brentano geometry on a Bruker D8 Advance
(Germany) diffractometer (diffraction angle scanning range
10 B 2h B 70). Differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) were carried out on a
NETZSCH STA409 instrument (NETZSCH Gera¨tebau
GmbH, Selb/Bayern, Germany) using a heating rate of
10 K/min. Scanning electron microscopy using an Auriga
Modular Crossbeam, Carl Zeiss microscope combined with
random-spot elemental analysis via X-ray fluorescence did
not indicate compositional heterogeneity on the length
scale of 1 lm.
N2 absorption–desorption isotherms were measured at
77 K on a volumetric adsorption analyzer (Micromeritics
ASAP 2010). Prior to analysis, samples weighing about
0.25 g were outgassed at 110 C for at least 24 h under
vacuum until a residual pressure of B0.6 mmHg was
reached. The surface area was determined based on the
Brunauer–Emmett–Teller (BET) equation [29], using
nitrogen adsorption data in the relative adsorption range
from 0.06 to 0.2. The total pore volume, Vp, was obtained
from the amount adsorbed at a p/p0 ratio of about 0.99.
Mesopore size distributions were obtained using the Bar-
rett–Joyner–Halenda (BJH) method assuming a cylindrical
pore model [30].
2.2 NMR studies
NMR measurements were carried out at magnetic field
strengths of 11.7 and 7.04 T. 27Al magic angle spinning
(MAS)-NMR spectra were acquired at the resonance fre-
quency of 130.2 MHz, using a Bruker DSX-500 spec-
trometer equipped with a 4 mm MAS-NMR probe operated
at a rotor frequency of 14.0 kHz. Typical pulse lengths
were 0.5 ls (30 solid flip angle). 29Si MAS-NMR spectra
of samples following the evolution from gel to glass were
acquired at a resonance frequency of 59.6 MHz on a
Bruker Avance III-300 spectrometer using a 7 mm MAS-
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NMR probe operated at a rotor frequency of 5.0 kHz.
Typical pulse lengths were 6.5 ls (90 flip angle). 29Si
MAS-NMR spectra of glassy samples were acquired at a
resonance frequency of 39.8 MHz on a Bruker DSX-200
spectrometer using a 4 mm MAS-NMR probe operated at a
rotor frequency of 8.0 kHz (90 pulses of 5.5 ls), using a
relaxation delay of 240 s. Liquid state 27Al NMR spectra
were measured on stationary samples located inside zir-
conia rotors. Reported 27Al and 29Si chemical shifts are
referenced to an aqueous solution of Al(NO3)3 (1 M) and
liquid tetramethylsilane, respectively. The 27Al quadrupo-
lar coupling parameters PQ = CQ(1 ? g
2/3)1/2 and the
isotropic chemical shifts dcs
iso were measured with the triple-
quantum magic angle spinning (TQ-MAS) method using
the three-pulse z-filtering variant [31, 32], at a spinning
frequency of 14.0 kHz. The first two hard pulses and the
third soft pulse correspond to nutation frequencies of 111
and 14.7 kHz, respectively, for a liquid sample. The opti-
mized pulse lengths for the three consecutive pulses were
3.2, 1.0 and 9.5 ls, respectively. Typically 864 transients
were accumulated for each TQ-coherence evolution time t1
and a total of 128 increments were done at steps of 8.9 ls.
The sheared spectra were analyzed by projecting the con-
tour plot for each individual site onto the F1 and F2
dimensions. PQ and dcs
iso values were calculated from the
centers of gravity of these projections using established
procedures [33].
3 Results and discussion
3.1 Bulk characterization
Figure 2a shows the TGA traces of the xerogel and the
glass samples with composition x = 1. The weight loss
due to the elimination of water and organic residues is
found to be complete at annealing temperatures near
600 C. Glassy samples show weight losses up to about
250 C, which can be attributed to desorption of molec-
ular water. Figure 2b shows the DTA curves for all the
glass samples sintered at 650 C for 5 h. The exothermic
events noted near 1,000 C correspond to the crystalliza-
tion of mullite, as proven by X-ray powder diffraction. In
addition, a second exotherm is evidenced in high-silica
samples, corresponding to the formation of low-
cristobalite.
Figure 3 shows N2-adsorption–desorption isotherms of
selected glass samples sintered at 650 C for 5 h, revealing
the typical type IId behavior [30] of mesoporous materials.
Figure 3d shows the corresponding pore size distributions
determined from the adsorption branches using the BJH
formula [30]. The main porosity characteristics, such as
BET surface area, average pore volume and average pore
diameter of glass samples having different compositions
and sintering temperatures are summarized in Table 1. The
BET surface areas of these glasses sintered at 650 C vary
between 395 and 508 m2/g within the composition range
1 B x B 6. Such high surface areas suggest that these
materials can serve for catalytic applications. Calcination
temperatures higher than 650 C result in significantly
decreased surface areas. The surface areas and pore char-
acteristics are comparable to those of calcined gels
obtained by Yan et al. (Si/Al ratios between 1 and 10),
using Na-containing water glass and aluminum nitrate
precursors with [22] or without [23] organic templating and
subsequent Na removal. In those (highly acidic) materials,
rather well-defined pore distributions could be obtained. As
detailed below, their structural properties are, however,
significantly different from the ones reported in our study.
3.2 Effects of composition and pH value
on the structure of the alumina precursors in the sol
and the gel states
Figure 4 summarizes liquid state 27Al NMR spectra of
aqueous aluminium lactate solutions. Figure 4a shows the
effects of pH value on the alumina complex ion structure for
the sol with composition x = 1. The solutions are all
transparent within this pH value range. Only if the pH value
is raised beyond 4.8, white colloid forms after 3 h of stir-
ring. After aging about 17 h, the 27Al NMR measurements
of the solutions were carried out. Five distinct peaks cen-
tered at about 0, 7.6, 14.0, 21.0 and 56.0 ppm are evident,
which can be assigned to Al[(lact)3-y(H2O)2y]
y? complexes
(y = 3, 2, 1, 0) and tetrahedral aluminum units, respectively
[34, 35]. The signals are broadened owing to the influence of
Fig. 1 Images of glasses with compositions of 0.5Al2O3–xSiO2 (x = 1, 2, 3, 4, 5 and 6)
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chemical exchange (involving transfer of lactate ligands
into and out of the Al coordination sphere) with rates near
0.1 kHz among the various species present. Typical spectral
deconvolutions in terms of these components are shown in
Fig. 4c, d. At low pH we observe two components near
0 ppm which we attribute to [Al(H2O)6]
3? complexes
involved in chemical exchange with the y = 2 species on
the NMR timescale (broad component) and additional
[Al(H2O)6]
3? units for which this type of chemical
exchange does not occur (sharp component). At the higher
pH values within this range, the [Al(lact)3] complex domi-
nates, whereas a decrease in pH value leads to the succes-
sive appearance (and prevalence) of [Al (lact)2(H2O)2]
?,
[Al (lact) (H2O)4]
2? and [Al(H2O)6]
3? complex ions. As
previously discussed [34, 35], these pH effects can be
explained by the shifting chemical equilibria (1)–(3).
Al lactð Þ3þ2H2O þ Hþ, Al lactð Þ2 H2Oð Þ2
 þþlactic acid
ð1Þ
Al lactð Þ2 H2Oð Þ2
 þþ2H2O þ Hþ
, Al lactð Þ H2Oð Þ4
 2þþlactic acid ð2Þ
Al lactð Þ H2Oð Þ4
 2þþ2H2O þ Hþ
, Al H2Oð Þ6
 3þþlactic acid ð3Þ
With increasing pH value, the average number of lactate
ligands in the first coordination sphere successively
increases from zero to three.
At pH values C3, the spectra also give evidence of four-
coordinate aluminum [Al(IV) species], indicating the onset
of co-condensation with the silica network. Figure 4b
shows the effects of aluminum content on the solution state
Fig. 2 a Typical TGA trace of
the xerogel and glass with
composition 0.5Al2O3–xSiO2
(x = 1); b DTA curves for
0.5Al2O3–xSiO2 glasses, with
compositions 1 B x B 6,
sintered at 650 C for 5 h
Fig. 3 Adsorption–desorption
isotherms of 0.5Al2O3–xSiO2
sol–gel glasses annealed at
650 C for 5 h. a x = 1;
b x = 4; c x = 6; d pore
diameter distributions derived
from these data using the BJH
method
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spectra at a fixed pH value of 4.0. With increasing Si/Al
ratio of the solutions, both the concentration ratio
[Al(lact)2(H2O)2]
?/[Al(lact)3] and the relative fraction of
Al present in the form of Al(IV) units are seen to increase.
Figure 5a, b show the pH and the composition effects on
the 27Al MAS-NMR spectra of the gel, respectively. Upon
the evaporation of H2O associated with gel formation, the
[Al(H2O)6]
3? ions present at low pH values (see Fig. 4a)
change into [Al(lact)(H2O)4]
2? ions (see Fig. 5a). At
higher pH values, [Al(lact)3] and [Al(lact)2(H2O)2]
? are
the dominant aluminum species in the gels. Compared with
the solution, the fraction of tetrahedral aluminum units is
also increased, indicating the further progress of the hetero-
atomic co-condensation reactions. Transparent gel is only
accessible within the range of 3.8 B pH B 4.3. Within this
range, multiple aluminum species are present both in the
solutions and the gels. As previously found during the sol–
gel synthesis of sodium aluminophosphate glasses this
multitude of chemical species favors the preparation of
homogeneous materials [36]. Outside this pH range, the
gels become opaque, possibly indicating phase separation
or crystallization. For preparations with pH B 3, no Al–O–
Si linkages are observed, again suggesting formation of
separate silica and alumina phases. For preparations with
pH values of 4.5 and above, the narrow signal from the
[Al(lact)3] species is observed exclusively in the gel state.
No stable glasses can be formed from such materials either.
With increasing Si/Al ratio of the gels, the fraction of four-
coordinated aluminum units showing Si–O–Al connectivity
increases, consistent with the findings in the solution state
(Fig. 4b). These results suggest that the formation of these
linkages is subject to a certain concentration limit, beyond
which the Al species are no longer incorporated into the
silica-based framework at the gelation temperatures
studied.
Fig. 4 27Al solution-state NMR spectra of aqueous aluminum lactate/TEOS solutions as specified in the experimental section. a pH dependence
for x = 1; b x dependence at pH 4.0; c, d the deconvolution of 27Al spectra for pH 2.0 and 3.0, respectively
Table 1 BET surface area (SBET), the total pore volume (Vp), and the
average pore diameter (rp) of 0.5Al2O3–xSiO2 glasses synthesized via
the sol–gel method
x mol%
AlO3/2
Sintering
temperature
(C)
SBET (m
2/
g) (±5 m2/
g)
Vp (cm
3/g)
(±0.05 cm3/
g)
rp (nm)
(±0.15 nm)
1 50 750 212 0.18 3.7
1 50 650 395 0.33 3.4
2 33.3 650 450 0.42 3.5
3 25 650 504 0.37 3.0
4 20 650 508 0.42 3.3
5 16.7 650 484 0.32 3.0
6 14.3 650 471 0.30 3.0
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3.3 Structural evolution from gel to glass
Figure 6 shows the evolution of the 27Al and 29Si MAS-NMR
spectra as a function of heating temperature, monitoring the
structural evolution from the gel to the glassy state ex situ, for
the composition x = 1; similar results were found for the
other compositions. At heat treatment temperatures below
200 C, the dominant aluminum species are the ones observed
in the sol state, i.e. [Al(lact)3] and [Al(lact2)2(H2O)2]
?. Fol-
lowing the heat treatment at 200 C, a new signal at about
1.5 ppm appears, which can be assigned to six-coordinated
Al(VI) bound mostly to H2O ligands, but possibly signifying
the onset of ligation to silicate as well. The condensation
reactions between the Al species and the silica framework are
obviously triggered by the elimination of water and lactate
ligands occurring in this range of treatment temperatures, as
confirmed by the TGA results. Dramatic spectroscopic
changes occur near treatment temperatures of 300 C where
ample amounts of four- and five-coordinate aluminum species
appear. These condensation reactions seem to be complete at
500 C. Figure 6, right, shows the corresponding evolution of
the 29Si MAS-NMR spectra. For the gel heat treated at 100 C,
there are at least three resolved signals centered at -91, -100,
and -107 ppm, which are assigned to Q(2), Q(3) and Q
ð4Þ
0Al
units, respectively, In addition, it is possible that Q
ð4Þ
1Al units
contribute to these resonances. Following heat treatment at
this temperature, the silica network has been largely con-
densed, with only a small part of the alumina integrated in the
framework, consistent with Fig. 5. Up to a heat treatment
temperature of 300 C no obvious change is observed in the
spectra, but following treatment at 400 C, signals in the high
resonance frequency region (between -75 and -92 ppm) are
seen to increase dramatically in intensity, and continue to
increase up to the maximum heat treatment temperature
applied, 650 C. Evidently, the signals in this chemical shift
region must be assigned to Q(4) units attached to different
numbers of aluminum atoms (see deconvoluted spectrum on
top and further discussion below). Figure 6 thus suggests that
the condensation reactions involving the Si and Al molecular
precursors occur at different stages. At 100 C, the conden-
sation reaction of silica is largely complete, while the alumina
content still exists mostly in the form of molecular complexes.
Only at the heating stage at which water and organic ligands
are being removed (i.e. near 300 C) major amounts of alu-
mina are being integrated into the solid framework, either into
that already established by the silica component or into one
dominated by alumina. As the 29Si NMR spectra of samples
heat treated at 300 C remain still un-altered, we can conclude
that the condensation of the Al species initially predominantly
occurs under formation of Al–O–Al linkages and no signifi-
cant co-polymerization with the silica species occurs at this
stage. Only at heat treatment temperatures 400 C and higher
do the 29Si NMR spectra signify increased integration of the
aluminum into the silica framework. In particular the con-
centrations of the silica units connecting with multiple alu-
minum species, such as Q
ð4Þ
4Al, Q
ð4Þ
3Al and Q
ð4Þ
2Al increase sharply.
These results suggest that upon sintering at 400 C, previously
established Al–O–Al and Si–O–Si bonds are broken to some
extent, generating new Al–O–Si connectivity.
3.4 Effect of composition on the 27Al and 29Si MAS-
NMR spectra
Figure 7 summarizes the 29Si and 27Al MAS-NMR spectra
of all the samples (x = 1–6) heat-treated at 650 C. The
29Si NMR spectra show broad asymmetric lineshapes,
revealing the contribution of multiple Q
ð4Þ
nAl components.
For the samples in the high-silica region (6 C x C 3) more
or less constant spectra are observed. Clearly, the dominant
peak near -108 ppm can be assigned to Q
ð4Þ
0Al units.
Fig. 5 27Al MAS-NMR spectra of 0.5Al2O3–xSiO2 gels. a Influence of pH of the initial solutions for x = 1. b x-Dependence for gels prepared
from solutions at pH = 4.0
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Towards higher frequencies, a poorly resolved resonance
near -101 ppm is evident. We assign this resonance to a
Q
ð4Þ
1Al unit rather than a Q
(3) species with a terminal
hydroxyl group, as the spectra look unchanged for samples
freshly heat-treated for SiOH group removal (data not
shown). As x decreases, the spectral intensity at lower
frequencies increases, which is particularly noticeable in
samples with x = 2 and 1, giving clear evidence of Si–O–
Al linking. Figure 6, top shows a suggested deconvolution
of the spectrum for the x = 1 sample into five Gaussian
components. According to analogous chemical shift trends
as known in zeolites, we ascribe these components to Q
ð4Þ
4Al,
Q
ð4Þ
3Al, Q
ð4Þ
2Al, Q
ð4Þ
1Al and Q
ð4Þ
0Al units, from high to low resonance
frequencies.
The 27Al MAS-NMR spectra of the glass samples show
three broad asymmetric signals attributable to Al(IV),
Al(V) and Al(VI) environments. These broadening effects
arise from anisotropic second-order quadrupolar pertur-
bation effects, which are incompletely removed by magic
angle spinning. The spectra are very similar to those
obtained on phase separated glasses prepared by fast melt-
cooling or spray pyrolysis suggesting a similar structural
arrangement [37–43]. Particularly noteworthy are the high
concentrations of five-coordinated Al in the present
samples, which is in contrast to the situation in glasses
prepared by alternative in sol–gel routes using various
different alumina precursors [44–51]. The spectra
obtained for the present materials are also quite different
from those of highly acidic mesoporous Al2O3–SiO2
glasses prepared with [22] or without [23] organic tem-
plating agents. The large concentration of Al(V) species
suggests a higher degree of compositional homogeneity
and a higher degree of aluminum dispersal than in other
preparations. Based on spectroscopic comparisons with
sillimanite [Al2SiO5, Al(IV) and Al(VI) sites] [52] and
andalusite [Al2SiO5, Al(V) and Al(VI) sites] [53, 54] Sen
and Youngman have proposed that the local Al environ-
ments in melt-quenched Al2O3–SiO2 glasses may be
similar to those found in the latter two crystalline phases
[38]. Figure 8 reveals that the resolution of these 27Al
NMR spectra can be substantially enhanced by TQ-MAS-
Fig. 6 Ex situ 27Al (left) and
29Si (right) MAS-NMR spectra
of a gel sample with
composition x = 1 treated at
different annealing
temperatures; the spectrum on
top of the right column shows a
proposed deconvolution of the
29Si spectrum of a sample
heated at 650 C for 5 h
Fig. 7 Composition
dependence of the 27Al and 29Si
MAS-NMR spectra in glassy
0.5Al2O3–xSiO2 samples
(1 B x B 6)
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NMR, and the corresponding 27Al lineshape parameters
deduced from such measurements are included in Table 2.
Figures 7 and 8 illustrate further that the quadrupolar
coupling parameters are not singular-valued, but rather
subject to a wide distribution of values, resulting in
characteristic asymmetric lineshapes for each individual
spectral component. Such effects, which are commonly
observed in spectra of quadrupolar nuclei in glasses, can
be mathematically modeled [55] to deconvolute the
overlapping components of the three distinct aluminum
coordination environments. Table 2 summarizes these
results using the Czjzek model [55]. While these fractions
are found essentially independent on composition there
are monotonic changes in the 27Al isotropic chemical
shifts as a function of Si/Al ratio. For example, dcs
iso of the
Al(IV) species is close to 60 ppm in the samples with Si/
Al = 3–6, but moves to 68 ppm in the sample with Si/
Al = 1. Similar (albeit weaker) trends are observed for
the isotropic chemical shifts of Al(V) and Al(VI). In
detail, these results suggest that the second coordination
spheres of the various Al species are constant in the limit
of low bulk Al contents (i.e. in the high silica samples
with x C 3), whereas they become more aluminum-rich in
samples with higher bulk Al contents (x B 2), possibly
pointing towards some Al segregation effects.
4 Conclusions
In conclusion, transparent mesoporous sol–gel glasses
have been obtained in the system Al2O3–SiO2. Because of
their mesoporous character and the Lewis acidic character
of alumina, these materials may be suitable for applica-
tions in heterogeneous catalysis. The structural evolution
from sol to gel to glass has been monitored by ex situ
27Al and 29Si NMR spectroscopy. Hydrolysis and poly-
merization of the silica precursor occurs at significantly
lower temperatures than that of the Al-precursor. Signif-
icant amounts of Si–O–Al linkages are only formed upon
gel annealing in excess of 300 C and this is accompanied
by the thermal elimination of the lactate ligand. The 29Si
NMR spectra show clear indications of Si–O–Al con-
nectivity, and the 27Al MAS-NMR data suggest that the
glasses prepared by the lactate route have a larger degree
of homogeneity than those prepared by previous sol–gel
processes.
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Fig. 8 a 27Al TQMAS-NMR spectrum of 0.5Al2O3–1SiO2 samples. b Deconvolution of
27Al MAS-NMR spectrum from 0.5Al2O3–1SiO2 glass,
using the Czjzek model [55]
Table 2 27Al isotropic
chemical shifts dcs
iso (±1 ppm),
second-order quadrupolar
product PQ (±0.5 MHz) as
determined from TQ-MAS-
NMR and fractions of the
different aluminum sites
(±5 %) in 0.5Al2O3–xSiO2
glasses as determined from
fitting the 27Al MAS-NMR
spectra according to the Czjzek
model
x Al(IV) Al(V) Al(VI)
dcs
iso
(ppm)
PQ
(MHz)
Fraction
(%)
dcs
iso
(ppm)
PQ
(MHz)
Fraction
(%)
dcs
iso
(ppm)
PQ
(MHz)
Fraction
(%)
1 68 5.4 31 37 5.1 46 6 4.1 23
2 66 5.5 36 37 5.2 44 5 3.9 20
3 61 5.3 35 34 4.6 41 4 4.2 24
4 61 6.5 36 33 5.3 46 4 4.6 18
5 59 6.5 37 32 5.2 41 3 4.1 22
6 60 5.8 35 33 4.8 41 3 4.2 24
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